We report the first observation of an excited quadrupole-bound state (QBS) in an anion. High-resolution photoelectron imaging of cryogenically cooled 4-cyanophenoxide (4CP − ) anions yields an electron detachment threshold of 24 927 cm −1 . The photodetachment spectrum reveals a resonant transition 20 cm −1 below the detachment threshold, which is attributed to an excited QBS of 4CP − because neutral 4CP has a large quadrupole moment with a negligible dipole moment. The QBS is confirmed by observation of seventeen above-threshold resonances due to autodetachment from vibrational levels of the QBS. DOI: 10.1103/PhysRevLett.119.023002 A dipolar molecule can bind an electron in a diffuse orbital, which is dominated by the long-range chargedipole attractive potential scaled as 1=r 2 [1] [2] [3] . Such dipole-bound states (DBSs) play important roles in electron-molecule interactions and are considered to be the "doorway" to the formation of valence-bound anions [4] [5] [6] . Fermi and Teller first predicted a critical dipole moment of 1.625 D for a point dipole to bind an electron [7] . Many subsequent theoretical [8] [9] [10] and experimental [11, 12] studies have shown that the practical minimum dipole moment is 2.5 D to form dipole-bound anions, which have been produced via Rydberg electron transfer (RET) [11] [12] [13] and electron attachment [14, 15] and investigated by field detachment and photoelectron spectroscopy (PES). Stable anions with dipolar cores can possess excited DBSs just below the electron detachment threshold. Excited DBSs of valence-bound anions were first observed as resonances in photodetachment cross sections [16] and studied via rotational and vibrational autodetachment [17] [18] [19] . Vibrationally induced autodetachment from selected vibrational levels of an excited DBS, yielding highly non-Franck-Condon resonant PE spectra, has also been investigated recently [20] [21] [22] [23] .
A dipolar molecule can bind an electron in a diffuse orbital, which is dominated by the long-range chargedipole attractive potential scaled as 1=r 2 [1] [2] [3] . Such dipole-bound states (DBSs) play important roles in electron-molecule interactions and are considered to be the "doorway" to the formation of valence-bound anions [4] [5] [6] . Fermi and Teller first predicted a critical dipole moment of 1.625 D for a point dipole to bind an electron [7] . Many subsequent theoretical [8] [9] [10] and experimental [11, 12] studies have shown that the practical minimum dipole moment is 2.5 D to form dipole-bound anions, which have been produced via Rydberg electron transfer (RET) [11] [12] [13] and electron attachment [14, 15] and investigated by field detachment and photoelectron spectroscopy (PES). Stable anions with dipolar cores can possess excited DBSs just below the electron detachment threshold. Excited DBSs of valence-bound anions were first observed as resonances in photodetachment cross sections [16] and studied via rotational and vibrational autodetachment [17] [18] [19] . Vibrationally induced autodetachment from selected vibrational levels of an excited DBS, yielding highly non-Franck-Condon resonant PE spectra, has also been investigated recently [20] [21] [22] [23] .
With vanishing dipole moments, but strong quadrupole moments, neutral molecules can form quadrupole-bound anions, in which the long-range charge-quadrupole attractive potential (∼1=r 3 ) dominates [1, 3, 24, 25] . Jordan and Liebman first suggested the rhombic ðBeOÞ − 2 cluster as a quadrupole-bound anion [26] . This cluster and the similar ðMgOÞ − 2 cluster studied by PES [27] have relatively high electron binding energies and should probably be considered as valence-bound anions [3] . In addition, the rhombic alkalihalide dimers and a series of complex organic molecules with vanishing dipole moments but large quadrupole moments have also been proposed to form quadrupolebound anions [28] [29] [30] . Experimental studies of electron binding to quadrupolar molecules have been scarce. The CS − 2 anion was first observed via RET and was suggested to be a possible quadrupole-bound anion [31, 32] . The formamide dimer and the para-dinitrobenzene anions formed via RET were suggested to be quadrupole-bound anions [33, 34] . A more conclusive example of a quadrupolebound anion was from RET to the trans-succinonitrile [35, 36] . A valence-bound anion with a nonpolar core may possess excited quadrupole-bound state (QBS) just below the electron detachment threshold, if the neutral core possesses a large quadrupole moment. However, such an excited QBS has not been observed heretofore.
Here we report the first observation of an excited QBS in the 4-cyanophenoxide anion (4CP − ) cryogenically cooled in an ion trap. The neutral 4CP radical has a very small dipole moment of 0.3 D (see inset of Fig. 1 ), which is insufficient to form a DBS. Its large quadrupole moment (traceless quadrupole moment: Q xx ¼ 5.4, Q yy ¼ 15.1, Q zz ¼ −20.5 D Å) suggests that it may be a good candidate to search for excited QBS. The experiment was carried out on an electrospray-PES apparatus [37] , equipped with a cryogenically cooled Paul trap [38] and a high-resolution PE imaging system [39] . A more detailed experimental procedure is provided in the Supplemental Material [40] . Figure 1 shows the non-resonant PE images and spectra of 4CP − at three photon energies. The first intense peak, labeled as 0 0 0 , denotes the detachment transition from the vibrational ground state of 4CP − to that of neutral 4CP, representing the electron affinity of 4CP or the electron detachment threshold of 4CP − . The spectrum in Fig. 1(a) , with a photon energy slightly above the detachment threshold, gives the best resolved 0 0 0 peak with a width of 11 cm −1 mainly due to rotational broadening, yielding an accurate electron affinity for 4CP as 24 927 AE 5 cm −1 . At higher photon energies, numerous vibrational peaks, labeled as A-J, are resolved for the ground electronic state of 4CP. The strongest vibrational peak B corresponds to the most Franck-Condon-active mode. To better resolve peak B, we tuned the detachment laser to be just above the binding energy of peak B at 393.57 nm, resolving an additional weak peak C. The intensity of peak B is significantly enhanced due to the threshold effect. The electron binding energies of all the observed vibrational peaks, their shifts from peak 0 0 0 , and their assignments are summarized in Table S1 [40] .
To search for possible QBSs, we measured the photodetachment spectrum of 4CP − by monitoring the total electron yield while scanning the dye laser across the detachment threshold (Fig. 2) . The blue arrow at 24 927 cm −1 indicates the detachment threshold, consistent with the PE spectra in Fig. 1 . The three black arrows indicate the detachment wavelengths used in the nonresonant PE images in Fig. 1 . Below threshold, one broad peak, labeled as 0, is observed due to two-photon processes. Because 4CP − cannot support DBSs, this below-threshold peak should be due to the vibrational ground state of the putative QBS, because no other peaks were observed below peak 0. This peak is 20 cm −1 below the detachment threshold, suggesting the weakly bound nature of the electron in the QBS relative to the detachment continuum. The continuous signals above threshold represent nonresonant photodetachment signals. Seventeen above-threshold peaks are observed, due to autodetachment from excited vibrational levels of the QBS. The inset shows the simulation of the rotational profile for peak 2 at a high resolution scan, yielding a rotational temperature of 30-35 K, consistent with previous estimates [21, 44] . See the Supplemental Material for details of the rotational simulation [40] . The top scale is relative to the vibrational ground state of the QBS. The corresponding photon energies, shifts from peak 0, and assignments of the photodetachment spectrum are given in Table S2 [40] .
The local dipoles of the two polar centers (-CN and C-O) in the neutral planar 4CP radical have opposite directions, resulting in a small dipole moment of 0.3 D but a large quadrupole moment. Hence, the dominating potential that binds the electron in the excited state of 4CP − should be between the quadrupole moment and the electron. This interaction is scaled as 1=r 3 , much weaker than the electron-dipole interaction in DBSs. The peak 0 observed in Fig. 2 gives rise to a small binding energy of 20 cm −1 for the QBS of 4CP − . Thus, any vibrational excitation of the QBS would be above the detachment threshold and can lead to vibrationally induced autodetachment via vibrational to electronic energy transfer or vibronic coupling. The electron in the excited QBS is expected to be in a highly diffuse orbital with little effect on the structure of the neutral core. This is confirmed by the similarity of the observed vibrational peaks in the photodetachment spectrum in Fig. 2 and those in the nonresonant PE spectrum in Fig. 1(c) . A direct comparison is presented in Fig. S1 , where the 385.57 nm PE spectrum is overlaid onto the photodetachment spectrum in the same energy scale by aligning the peak 0 0 0 in the PE spectrum and the peak 0 of the photodetachment spectrum. All the major vibrational peaks and their relative intensities agree with each other in the two spectra, except that the photodetachment spectrum has higher resolution. This resemblance provides strong evidence for the weakly bound nature of the excess electron in the QBS, which has little effect to the neutral core, just as that observed for DBSs [20] [21] [22] [23] . Hence, the photodetachment spectrum of the QBS can be used to yield more accurate vibrational information for the neutral radical.
By tuning the dye laser wavelength to the above-threshold peaks, we have obtained seventeen high-resolution resonantly enhanced PE images and spectra. Six of these spectra are shown in Fig. 3 and the remaining eleven spectra are given in Fig. S2 [40] . These resonant PE spectra consist of contributions from two different detachment processes: (i) nonresonant detachment represented by the baseline in Fig. 2 (such as the spectra in Fig. 1) , and (ii) the much stronger resonant autodetachment signal represented by the above-threshold peaks. The latter involves two steps, i.e., resonant excitation to a vibrational level of the QBS, followed by transfer of vibrational energies to the weakly bound electron to induce detachment. The vibrationally induced autodetachment from DBSs generally obeys the Δν ¼ −1 propensity rule under the harmonic-oscillator approximation [45, 46] and yields highly non-FranckCondon PE spectra [20] [21] [22] [23] . This propensity rule is expected to hold true for vibrational autodetachment from the QBS due to the even more weakly bound nature of the QBS electron. The six spectra in Fig. 3 show autodetachment involving single vibrational modes of the QBS, while the eleven spectra in Fig. S2 represent excitations to combinational and overlapping vibrational levels of the QBS. The enhanced vibrational levels (in bold face), the detachment laser wavelengths, the assigned vibrational levels of the QBS, and the corresponding peak number (in parentheses) used in Fig. 2 are given in each spectrum. Ten new vibrational peaks, labeled as a-j, are observed in the resonant PE spectra and are also listed in Table S1 [40] .
To understand the vibrational peaks in Figs. 1 and 2 , we calculated the vibrational frequencies of neutral 4CP at the B3LYP=6-311 þ þGðd; pÞ level (Table S3 [ 40] ). The thirty-three normal modes are shown in Fig. S3 [40] . The calculated frequencies are unscaled and agree well with the observed frequencies for most vibrational modes. Because both 4CP − and 4CP have C 2v symmetry, only modes with A 1 symmetry are allowed in principle. Peaks B and G form a vibrational progression for the most FranckCondon-active mode ν 12 (A 1 ), which is an in-plane N…O stretching mode (Fig. S3) . The very weak peaks A and C correspond to a vibrational progression of the ν 21 (B 1 ) mode, which is an out-of-plane bending mode (Fig. S3) . The assignments of all the observed peaks are given in Table S1 [40] by using the calculated vibrational frequencies and the resonant PE spectra.
According to the Δν ¼ −1 propensity rule for vibrationally induced autodetachment, excitation to the nth vibrational level of a given mode (ν 0n x ) of the QBS autodetaches to the (n − 1)th level of the same neutral mode (ν n−1 x ) with one vibrational quantum transferred to the QBS electron. The corresponding ν n−1 x vibrational peak will be enhanced relative to that in the nonresonant PE spectrum, giving rise to highly non-Franck-Condon PE spectra. Figures 3(a)-3(c) show significant enhancement of peak 0 0 0 , indicating autodetachment from the fundamental vibrational level of different modes (ν 01 x ) of the QBS. The photon energies used for the spectra in Figs. 3(a)-3 Fig. 3(e) are enhanced. The photon energy used for the spectrum in Fig. 3(e) corresponds to excitation to the 21 03 vibrational level of the QBS. Hence, the enhancement of peak A is a result of transferring two vibrational quanta to the QBS electron (i.e., Δν ¼ −2), which suggests a large anharmonicity in the ν 0 21 (B 1 ) mode [45] . Figure 4 displays the six vibrational levels of the QBS and their autodetachment processes to the neutral final vibrational states, as revealed in the six resonantly enhanced PE spectra in Fig. 3 . In addition, numerous weak peaks a-c, e, and f are also observed in Fig. 3 . As given in Table S1 [40] , the shifts of peaks a and b relative to peak 0 0 0 are 89 and 155 cm −1 , respectively, which correspond to the two lowest frequency modes ν 22 (B 1 ) and ν 33 (B 2 ) of neutral 4CP (Table S2 [ 40] ). Their appearances in the resonant PE spectra are most likely due to intramolecular electron rescattering, as FIG. 3 . Resonant photoelectron images and spectra of 4CP − at six different detachment wavelengths, corresponding to excitations to vibrational levels involving single vibrational modes of the QBS followed by autodetachment via vibronic coupling. The QBS vibrational levels and the peak number (in parentheses) used in Fig. 2 are given. The peaks labeled in bold face indicate the autodetachment-enhanced final neutral vibrational levels. The double arrows below the images represent the direction of the laser polarization. observed previously [23] . The assignments of peaks c (33 2 ), e (12 1 22 1 ), and f (31 1 ) are based on the calculated frequencies.
The remaining eleven resonant PE spectra (Fig. S2 ) all involve excitations to combinational or overlapping vibrational levels of the QBS with more complicated autodetachment processes. All spectra can be well understood and assigned similarly using the computed vibrational frequencies and the Δν ¼ −1 autodetachment propensity rule, as presented in the Supplemental Material [40] . All the assignments for the observed vibrational resonances of the QBS are summarized in Table S2 [40] . A more complete energy level diagram for all the seventeen QBS vibrational levels and the observed autodetachment channels are given in Fig. S4 . The experimental vibrational frequencies for 4CP are compared with the calculated frequencies in Table S3 [40] .
In conclusion, we report the first observation of an excited quadrupole-bound state for cryogenically cooled cyanophenoxide anions, whose neutral core possesses a very small dipole moment but a large quadruple moment [47] . The quadrupole-bound state is found to have a binding energy of 20 cm −1 relative to the detachment threshold. Seventeen excited vibrational levels of the QBS are observed as resonances in the photodetachment spectrum. The weakly bound nature of the electron in the QBS is confirmed by the observation of the similarity of the nonresonant PE spectra and the photodetachment spectrum and the Δν ¼ −1 vibrational autodetachment propensity rule in the resonant PE spectra. 
